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Abstract
Armstrong, Taylor F. M.S. Paleoseismicity of the Guoqiong Segment of the
Yushu Fault Following the Mw6.9 14 April 2010 Yushu Earthquake, Qinghai Province,
China. Major Professor: Mervin J. Bartholomew.
The Mw6.9 (Ms7.1) April 14, 2010 Yushu earthquake and aftershocks devastated
Yushu Tibetan Autonomous Prefecture (Qinghai Province, China), killed ~3,000 people,
injured 12,000 people, and caused extensive damage throughout the region. The
earthquake swarm occurred in the central region of the Tibetan Plateau, within the
Banyan Har Mountain Range along the Ganzi-Yushu fault system. The focal mechanism
for the main shock indicated left-lateral, strike-slip movement with two pulses of rupture
along a WNW-ESE-striking, near-vertical fault causing surface ruptures to occur along
several segments of the Yushu fault. In October 2011, a trench (CUG2011-1) was
excavated (near the village of Guoqiong, 30km-NW of Jiegu town) across the Guoqiong
segment of the Yushu fault which had a maximum of ~1.8m left-lateral displacement.
The trench was excavated perpendicular to the surface rupture across a Late-Pleistocene
alluvial-fan surface. A nearby Holocene stream channel, incised 3m into the fan, was
deflected left-laterally ~6m indicating substantial strike-slip displacement since incision.
Within the trench, 3 buried A-soil horizons within the downthrown side are regularlyspaced suggesting surface ruptures, associated with similar-sized or larger earthquakes,
occurred prior to the 2010 earthquake at fairly regular intervals. Line-length balancing
and progressive retro-deformation for the 2010 and 3 previous surface ruptures show
~2m of horizontal shortening perpendicular to the fault and ~1m of vertical displacement.
If earlier events were of similar magnitude, then about 1.5m left-lateral displacement also
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occurred during each previous paleoseismic event. Thus these 4 events could account for
the total 6m of left-lateral displacement of the incised Holocene stream channel.
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INTRODUCTION
At 7:49 (local China Time) on April 14, 2010, a swarm of earthquakes devastated
the city of Yushu and nearby villages in the Qinghai Province, China. The Mw6.9 (Ms7.1)
earthquake, preceded by a foreshock (Mw 4.7 about 2 hours before; Ni et al., 2010), took
place within the Banyan Har Mountain Range. As a result of the earthquake, ~3,000
people were killed and ~12,000 people were injured. It caused extensive damage
throughout the region, especially in the city of Yushu (e.g. Jiegu Town) (Chen et al.,
2010; Li et al., 2011; Lin et al., 2011). The physiographic region where this earthquake
swarm took place was on the Tibetan Plateau, where large earthquakes are common (Fig.
1) (e.g. 2008 7.9 Mw Wenchuan; Chen et al., 2010).
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Figure 1. Tectonic shaded relief-map of SE-Asia showing ~E-W-trending SHmax (light
blue arrow) determined from fault-plane solution for main shock of the 6.9 Mw, 2010
Yushu earthquake relative to horizontal velocity-vectors (purple arrows) from GPS
measurements (from Liu et al., 2007). Red star: epicenter of main shock with the red lines
representing active faults; lower hemisphere stereographic projection of focal mechanism
(from CENC 2010) shows dilatational quadrants in red and compressional quadrant in
white; purple ellipses show uncertainty of GPS vectors; image modified from Liu et al.
(2007).
	
  
	
  
The 2010 Yushu earthquake was located along the WNW-ESE-striking Yushu
fault that has been regarded as part of the “Xianshuihe fault zone” (Fig. 2). The catalyst
for the event is the continental collision between the Indian and Eurasian plates. Collision
between these two landmasses initiated during the Eocene-Oligocene transition. Over the
last 35 Ma, 1500km of convergence has occurred throughout the region (Molnar and
Tapponier, 1975). As the collisional process progressed, the Indian plate was partially
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subducted beneath Eurasia’s southern margin. This NNE-SSW-compression is being
partially accommodated by major lithospheric zones of strike-slip faults (including the
“Xianshuihe fault zone”) within the plateau’s interior (Fig. 2) along which crustal
material is transferred towards the South China Sea around an eastern syntaxis (Fig. 1)
(Molnar and Tapponier, 1975; Tapponnier et al., 1982; Peltzer et al., 1989; Replumaz and
Tapponnier, 2003).

	
  
Figure 2. Tectonic shaded relief-map of region around the Tibetan Plateau showing
location of study area (boxed region: Figure 4A) relative to relative to: direction of
SHmax (orange arrows); active faults (red lines); and two recent major earthquakes (red
and white stars); imaged modified from Tobita et al. (2011).
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The Tibetan Plateau is composed of discrete tectonic blocks, which predate the
Indian and Eurasian collision (Fig. 3). According to Zhang et al. (2003), 80-90% of all
Mw > 7 earthquakes within China take place along the boundaries of these tectonic
blocks. The 2010 Yushu earthquake was typical in that it occurred along the southern
boundary of Bayan Har (i.e. Songpan Ganzi Terrane) with the Sichuan and Yunnan
blocks. Two of China’s recent large (i.e. Ms>8) earthquakes (i.e. Wenchuan and Kulun
Mountain earthquakes) also have occurred along the Bayan Har’s borders. Furthermore,
since 1900 more then 10 earthquakes with M>7 have taken place along the border of the
Bayan Har block; making this boundary China’s most seismically active zone (Chen et al.,
2010). GPS measurements (Zhang et al., 2004; Gan et al., 2009) suggest that the
movement of the Bayan Har Block is obstructed to its east by the basement beneath the
Sichuan Basin, with active thrusting along the Longmenshan fault (Fig. 2) that forms the
boundary between these blocks. Strike-slip faulting along the southern margin of the
Bayan Har block is due to differential velocities between it and the Qiantang and Sichuan
and Yunnan blocks. Thus, the left-lateral displacement during the Mw 6.9 earthquake on
April 14, 2010 along the Yushu fault is consistent with the uneven kinematics of the
Tibetan Plateau (Chen et al., 2010).
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Figure 3. Tectonic map of Asia showing location of the 2010 Yushu earthquake swarm,
Red star, relative to Tertiary accreted terranes and older blocks of cratonic crust; Image
modified from van Hinsbergen et al. (2011).
	
  
	
  
Five large-magnitude (e.g. M > 7) historical earthquakes during the past 700 years
have been documented along the Ganzi and Yushu faults (Fig. 4A) (Chen et al., 2010;
Zhou et al, 1997; Lin et al., 2011). However, because of the sparse population and the
region’s geographic isolation, documentation of the paleoseismic record has been
incomplete. Geomorphic evidence and offset geologic features suggest that initiation of
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the Ganzi and Yushu faults started ~8-5.6 Ma and accommodate southeastward
movement of material out of central Tibet (Shifeng et al., 2010).

	
  
Figure 4. A: Map of proposed segmentation of the Yushu and Ganzi faults based on
historical earthquakes (from Lin et al., 2011) relative to epicenter location (red star), and
fault-plane solution, and study area (red box: Figure 4B). B: Proposed segmentation of
the Yushu fault used in this study based on differences in characteristics of surface
ruptures during the 2010 Yushu earthquake. Blue: Guoqiong segment; red: Red Cliff
segment; yellow: Buqionggei segment; and green: Changu segment.

	
  

6

The focal mechanism for the main shock of the 2010 Yushu earthquake indicates
strike-slip movement with two pulses of energy, five seconds apart, along the WNWESE-striking Yushu fault (Fig. 5) (Zhang et al., 2010). The energy released by the Yushu
earthquake came in pulses at different locations along the fault length, which, when
coupled with Interferogram data (COMET+, 2010), is consistent with fault segmentation
reflecting those multiple pulses. Consistent with observed changes in the surface rupture
characteristics from left-lateral to reverse (Fig. 5) (e.g., Bartholomew et al., 2010), the
Yushu fault is probably partitioned. Fault partitioning is evident by temporal and spatial
relations of energy release (Zhang et al., 2010) coupled with 1) documented gaps in
surface displacements along the overall rupture length (Chen et al., 2010; Zhou et al,
1997; Lin et al., 2011), 2) different types of surface ruptures near those gaps
(Bartholomew et al., 2010) and 3) the timing and epicenters of major aftershocks.
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Figure 5. Comparison of geophysical and remotely sensed data referenced to the same
lines of Longitude (97oE and 96o30’E) illustrating that the 2010 Yushu earthquake main
shock 6.9 Mw ruptured multiple fault segments. Top diagram is vertical profile showing
source-time function from Zhang et al., 2010. Middle diagram is surface DEM showing
source-time function from Zhang et al., 2010 coupled with epicenter locations of main
shock and larger aftershocks (from Pei and Cheng, 2012) and surface-rupture data from
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Guo et al., 2012. Bottom diagram is interferometry data (from Comet, 2010) and surface
rupture data (from Guo et al., 2012).

Due to this limited paleoseismic record and impelled by the 2010 Yushu
earthquake swarm and partitioning, the Yushu fault was selected as an excellent location
for inspection of Late Pleistocene to Quaternary sediments for evidence of multiple
paleoseismic events to establish a recurrence interval and slip rate. In October 2011,
Trench CUG-2011-1 was excavated perpendicular to the fault zone on an alluvial fan
surface cut by 2010 surface rupture along the Yushu fault (Fig. 4B) near the village of
Guoqiong ~30km northwest of Yushu. This particular site was selected because the
geology indicated a continuous record of paleoseismic surface ruptures would likely be
preserved. The primary goal of this project is to document and date larger paleoearthquakes (e.g. M>6.5) that caused coseismic surface-ruptures. Quantification of these
ruptured and disturbed soil horizons in the sedimentary records will provide a detailed
sequence of paleo-seismic surface ruptures prior to the historical record. The record is
expected to date from the Holocene back into at least the Late Pleistocene. From this data
both the recurrence rate and slip rate may then be accurately determined.
REGIONAL SETTING OF THE GANZI AND YUSHU FAULTS
The Ganzi and Yushu faults form the eastern WNW-ESE-striking tectonic
boundary of the Tibetan Plateau. This boundary is part of the collisional zone, generally
referred to as the “Xianshuihe fault zone”, (which is different from the Xianshuihe fault
system) which is causing the lateral escape of continental material out of central Tibet
towards its margin, primarily along lithospheric strike-slip systems (Fig. 2) (e.g., Kunlun,
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Altyn Tagh, and Xianshuihe) and thrust systems (e.g., Qiling, Longmenshan) producing
large devastating earthquakes throughout the region in an intra-continental feature. The
“Xianshuihe fault zone” forms the northern boundary of the Sichuan and Yunnan blocks
and the northeastern boundary of the Qiangtang tectonic block (Zhang et al., 2003). The
NW-SE-striking “Xianshuihe fault zone” is the eastern to southeastern margin of the
Tibetan Plateau. It is composed of five major faults: the Yushu, Ganzi, Xianshuihe,
Anninghe-Zemuhe, and Xiajian faults. This zone of faults extends southeastward for
1400km, roughly from Dangjiang, Qinghai Province, to Kunming, Yunnan Province (Fig.
2) (Wang et al., 2009).
The WNW-ESE-trending Ganzi and Yushu faults have a combined length of
~500km from Ganzi to Dangjiang (Wang et al., 2009). Left step-overs with associated
extensional basins occur at two segment breaks along the Yushu and Ganzi faults near
Ganzi and ~50km-NW of Yushu at Lake Longbao (Fig. 4A) (Wen et al., 2003; Lin et al.,
2011). Zhou et al. (1997) divided the “Ganzi-Yushu” fault into five fault segments (Fig.
4A) (Dangjian, Yushu, Dengke, Manigange, and Ganzi) based upon fault geometry,
paleoseismicity, and geology. In this paper, the Yushu and Ganzi are treated as separate
faults because more than one segment ruptured along the Yushu fault, hence the Yushu
fault cannot then be a segment of a larger fault. In the terminology used herein from NW
to SE, the Yushu fault is divided into the Dangjiang, Guoqiong, Red Cliff, Buqionggei,
and Changu segments (Fig. 4B). The Dengke, Manigange, and Ganzi segments of Zhou
et al. (1997) are considered as part of the Ganzi fault (Fig. 4A).
Long-term geochronological data show that the Yushu and Ganzi faults have been
active since the Middle to Late Cenozoic (e.g., 13-5 Ma) (Wang et al., 2009). The
combined slip-rate along the Ganzi and Yushu faults during the Quaternary was
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estimated from faulted landforms, offset depositional features, GPS velocity, and
geochronological data. Using these different methods, slip-rate estimates are: 3.1–
7.3mm/yr (Zhou et al., 1996), 5-8mm/yr (Peng et al., 2006), and 12mm/yr (Wen et al.,
2003). Moreover, stream-deflection data indicates that the Holocene slip-rate fluctuates
along these faults. To the southeast of Yushu fault, the slip-rate averages 10 – 14mm/yr
and decreases to 7mm/yr northwestward near Dangjiang (Wen et al., 2003; Zhou et al.,
1996; Li et al., 1995; Chen et al., 2010).
The record of large historical earthquakes along the Yushu and Ganzi faults is
limited due to geographic isolation compared to other seismically prone areas in China.
However, five historical earthquakes of M>7 were recorded along these faults since 1320
A.D. (Fig. 4A) with surface rupture-lengths ranging from 31km to 180km; with ~2–5m
left-lateral displacements occurring during each event (Zhou et al., 1997;Wen et al.,
2003; Chen et al., 2010; Lin et al., 2011). The surface-rupture location and length of the
1738 A.D. earthquake is poorly constrained. Lin et al. (2011) also proposed a previously
unknown seismic event at ~650-1100 A.D. These last two events are discussed in a later
section of this paper.
YUSHU FAULT
In accordance with the China Earthquake Network Center, the epicenter of the 14
April 2010 Yushu earthquake was 44 km-NW of Yushu city at 33.2o N, 96.6o E, with a
focal depth of 14km, rupturing a pre-existing fault surface. As stated above, the Yushu
fault is divided into the Dangjiang, Guoqiong, Red Cliff, Buqionggei, and Changu
segments (Fig. 4B). Although surface rupture occurred along all five segments during
the 2010 Yushu earthquake swarm, only three segments (Guoqiong, Red Cliff, and
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Changu) experienced significant surface rupture along much of their lengths. These five
segments are described below.
Dangjiang Segment
The Dangjiang segment is a NW-SE -striking, ~200km-long fault which extends
~75km west of Diangjiang to Lake Longbao where it terminates as the southern border
fault of the extensional basin containing Lake Longbao (Fig. 4A). Only the southeastern
end of this segment ruptured during the 2010 Yushu earthquake swarm. Surface rupture
occurred for only ~2km northwestward with maximum displacement near the terminus
(Chen et al., 2010). Because this segment lies NW of the SE-propagating main event,
displacement along it is interpreted to have occurred during the largest aftershock (5.8
Mw; Pei and Chen 2012), which was proximal to both the epicenter of the main event
and the SE-terminus of the Dangjiang segment.
Guoqiang Segment
The Guoqiang segment is a N70W-striking, ~55km-long fault which extends
southeastward from the extensional basin of Lake Longbao to Guoqiong Village. Along
the ~55km-long segment, only ~15km exhibited a coseismic surface rupture, with a
maximum lateral and vertical displacement of ~1.8m and ~0.5m, respectively (Guo et al.,
2012; Bartholomew et al., 2010). As the fault approaches Guoqiong Village, deformation
associated with the 2010 earthquake diminishes abruptly across the valley’s floodplain
where it terminates at the base of the Red Cliff at the valley’s margin (Bartholomew et al.,
2010). The epicenter of the main shock was at the break between the Dangjiang and
Guoqiong segments of the Yushu fault (Fig 4A). The Guoqiong segment ruptured
southeastward during the 2010 earthquake swarm. Based on fault-plane solutions from
	
  

12

the main event (Zhang et al., 2010), it was a WNW-ESE –striking, near vertical, leftlateral strike-slip fault. Mapping of surface ruptures, conducted immediately following
this event (e. g., Bartholomew et al., 2010; Lin et al., 2010; Chen et al., 2010; Li et al.,
2010), is consistent with this fault-orientation along the Guoqiong segment. Hence, the
source for displacement along the Guoqiang segment is interpreted to have been the 6.9
Mw main shock.
Red Cliff Segment
The Red Cliff Segment is a N80W-striking, ~7km-long fault which extends
southeastward from the red cliff near Guoqiang Village to Buqionggei (Fig. 4B). The
fault dips ~45oNE at the red cliff. Above the red cliff, a small 10m-wide graben lies
between the main mountain ridge to the southwest and a small prominent with a 10mhigh ridge of carbonate breccia that forms the northeastern side (hanging wall) of the
fault. This graben extends along the red cliff segment for ~0.5km. Here the fault has
several strands with a maximum vertical displacement of~1.8 m with a small left-lateral
component of ~20cm. Along strike to the SE, the graben transitions into a single leftlateral fault for ~0.5km with ~1.0m left-lateral displacement and ~0.2m vertical
displacement. Farther along strike to the SE, the fault again transitions into several
strands, which form a large (~ 0.5 x 0.5km) pull-apart graben. The main fault left-steps
~0.25km away from the main mountain ridge across the graben and then continues SE as
a single strand left-lateral fault.
The focal mechanism for the main shock of the 2010 Yushu earthquake indicates
strike-slip movement with two pulses of rupture along the WNW-ESE-striking Yushu
fault (Fig. 5) (Zhang et al., 2010). The second, stronger pulse, which occurred 5 seconds
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after the initial shock (Zhang et al., 2010), correlates spatially with the Red Cliff
segment; but no fault-plane solution for the second pulse has been published. However,
empirical evidence adjacent to the red cliff suggests that its initial surface expression was
an oblique fault with a large vertical component as well as a large strike-slip component.
Buqionggei Segment
The Buqionggei segment is ~6km-long, extending from Buqionggei to a “knob”
over looking Yushu (Fig. 4B). It represents a left-stepping transfer zone that loosely
links the Red Cliff segment with the Changu segment which lies ~3km farther SE from
the four other fault segments. The NW-section of the Buqionggei segment, which strikes
~N80W for ~3.5km, has the same trend as the Red Cliff segment. However, this section
of the Buqionggei segment did not experience surface rupture during the 2010 earthquake.
Near the town of Buqionggei, a ridge of carbonate breccia flanks the NE-side of the fault
for 1.5km. Along this section of the segment, an older Pleistocene loess deposit has been
vertically offset 10’s of meters. Although Lin et al. (2011, their Figure 8) suggested that
surface rupture occurred in this older loess during previous earthquakes along this section
of the segment, this was not verified by fieldwork in 2010, 2011, and 2012. Within the
mountain valley the breccia ridge changes strike to ~S85W and continues for ~1.0km NE
to the knob overlooking Yushu. This knob, which forms the SE-terminus of the
Buqionggei segment, was carefully examined in 2010, just 10 days after the earthquake
(Li et al., 2010; Bartholomew et al., 2010). An ~0.5km-long, surface-rupture zone of
distributed right-lateral shear occurred along the fault in the vicinity of the knob, but
terminated to the SW within the mountain valley before the “knob” where the carbonate
breccia changes strike (Fig. 4B). This small amount of displacement on the SE-terminus
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of the Buqionggei segment is attributed to accommodation of displacement along the
Changu segment at its NW-terminus (Li et al., 2010; Bartholomew et al., 2010).
Changu Segment
The Changu Segment is a N80W-striking, ~7km long fault that extends from the
“knob” over looking Yushu and traverses across the valley’s margin to the vicinity of the
Changu Temple (Fig. 4B). Southeastward from the knob, this segment is predominately
a left-lateral strike-slip fault along the lower part of the mountain front subparallel to the
Jinsha River. The fault crosses the Jinsha river adjacent to the Changu Temple and
terminates as a reverse fault with ~0.5m of vertical displacement (Bartholomew et al.,
2010; Li et al., 2010).
GEOLOGIC SETTING: GUOQIANG FAULT SEGMENT
The study area is within a mountain valley, which has alluvial fans flanking its
margins (Fig. 6). A small tributary flows through the valley next to the village of
Guoqiong and merges with the Jinsha River, which flows northwestward for ~3km then
is joined by another small tributary and bends abruptly 90o and flows southwestward
through Yushu. The valley floor consists of dissected, older alluvial fans and terraces.
Along the northeastern side of the valley, the Holocene floodplain of the Jinsha River
progressively incised downward from ~2-3m (near Guoqiang) to ~10-12m where the
river abruptly bends. The older fans along the southwestern side of the valley are
dissected ~2-3m by intermittent streams with Holocene alluvial fans either graded to the
Holocene floodplain of the Jinsha River or developed on top of the older, broad terrace
along the Jinsha River.
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Figure 6. Satellite image illustrating the spatial relationship between CUG-2011-1 and
Lin et al. (2011)’s trench location across the Guoqiong segment (Yellow line) near the
community of Guoqiong and the western terminus of the Red Cliff segment (Red line).

The Guoqiang fault segment lies along the southwestern side of this valley near,
but not at the break in slope marking the bedrock hill which rises ~300m above the valley
floor. The position of Holocene fans throughout the valley has shifted through time,
incising older Pleistocene surfaces and prograding towards the valley’s center (e.g. NNE) (Fig. 7). Longitudinal profiles down a typical Pleistocene fan on either side of these
incised Holocene channels indicate the location of the main fault by a decrease in slopegradient to horizontal for a distance of 4-8m. On the downslope side of this flat area, is an
abrupt increase in elevation of ~0.5-1.0m marking the location of the main surface strand
of the fault. A ridge (~4-8m-wide) borders the main strand on the downslope side of the
fault, followed by a steeper slope down to the Holocene fan (Fig. 8). Throughout the
16
	
  

valley, the incised tributaries feeding the Holocene fans are all offset left laterally where
their channels cross the fault (Lin et al., 2011). The current fluvial channel feeding the
Holocene fan at Trench CUG-2011-1 (Fig. 7) is offset left laterally ~6m, with ~1.5m of
left-lateral offset attributed to the 2010 earthquake.

	
  
Figure	
  7. View looking SSW at Late Quaternary compound alluvial surface where trench
CUG-2011-1 was excavated. Pleistocene (blue) and Holocene (green) surfaces; three
mole tracks from 2010 surface rupture cross-older part of fan.
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TRENCH CUG-2011-1
Geological Setting
The selected trench location was on an elevated older Pleistocene alluvial surface
that is now dominated by downslope-processes such as small debris flows, rock-falls, and
sheet flow. The floodplain and lower terraces of the Jinsha River were not selected for
trenching in order to mitigate the river’s erosional influence, which could eliminate
stratigraphic indicators of paleoseismic events. Trench CUG-2011-1 was excavated
perpendicular to the N70oW-trending surface rupture that crosses this older Pleistocene
alluvial fan along its southwestern margin (Fig.9).
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Figure 8. View looking ~E from trench location a cross incised stream channel
illustrating the profile of the Late Pleistocene fan; upthrown (U) and downthrown (D)
fan-surface with 2010 surface ruptures in (yellow).

Due to the encroaching winter, vegetation was sparse on the alluvial surface and
was primarily composed of dead or dying crab grass with the topsoil being a welldeveloped dark brown sandy loam. Numerous entry and exit holes, dug by small
mammals, were present on the surface with burrows ranging in diameter from 4 to 10cm.
These burrows were avoided on the fan surface as much as possible in the selection of the
trench location.
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Figure 9. View looking NNE down-slope of incised Late Pleistocene fan showing
location of trench CUG-2011-1 (red line) relative to the 2010 surface ruptures (yellow
lines) and the left-laterally offset incised Holocene channel (white dashed line).

Trench CUG-2011-1 was positioned 7m-left of the offset current alluvial channel
incised into the Pleistocene surface. Deposition on the Pleistocene surface is controlled
by gravity, wind, and sheet-flow. A small ridge along the NE-side of fault also influences
deposition on the older Pleistocene surface along the fault by creating a shallow
depression along the fault zone. The presence of cobble- to boulder-size clasts (5-15cm)
along this depression (Fig. 8) attests to the influence of sediment gravity flows on the
upper fan slope. Wind-influence is indicated in profiles of the fan deposits by such
cobbles being matrix-supported by fine grained sand and silt interpreted as loess. More
bedded sands may indicate sheet-flow down the slope.
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Geometry of 2010 Fault Strands
During the 2010 earthquake, oblique displacement occurred along the fault with
~1.5m horizontal left-lateral displacement and ~0.25m vertical displacement at the trench
location (Fig. 8). Prior to 2010, the Pleistocene terrace had been progressively shifted
left-laterally, amplifying this topographic high with each previous displacement. A
shallow depositional basin was generated on the uphill-side of the scarp with raised,
offset, downhill part of the terrace obstructing material moving down the Pleistocene
surface. Continued sediment accumulation and soil development occur along this
developing depression. As this ridge moves laterally, it shifts sediment transport farther
northwestward around the obstruction (Fig. 9).
Abundant en echelon compressional (mole tracks) and extensional (shallow
ground joints) structures developed during the 2010 earthquake. A principal set of three
mole tracks traversed the alluvial surface, which produced a surficial fracture zone ~7m
in width (Fig. 9). The extensional fissures and small-scale compressional features
crosscut the alluvial surface. Sediment and detritus accumulate within these gaps, which
is characteristic of the faulted zone. The location, size, and strike of the three mole tracks
were recorded across the fan surface to determine the best location for the excavation site.
Excavation
Trench CUG-2011-1 was excavated on October 5, 2011 at approximately 8:00 pm
local time. Because of limited visibility, a relatively shallow (2m) trench was excavated.
Prior to excavation, two white poles were positioned to outline the desired location and
GPS locations of both poles were obtained before digging. The total length of the trench
was 24.75m with 3.5m of relief, which traversed the topographic depression, faulted zone,
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and scarp. A 1m-square grid was established, with a level, on both walls and marked
with 6.4 x 7.6cm cards nailed to the wall. Lithologic contacts, soil contacts, faults,
burrows and other features were delineated using nails and colored string. All marked
features were surveyed and sketched using a 1m-square with 10cm-spaced string to aid in
constructing the trench logs. Digital photos where taken of every square meter and were
mosaicked with GNU Image Manipulation Program (i.e. Gimp) to compliment the
trench-log data. Digital photos were used to add details (e.g., joints, faults, and bedding)
to the trench logs. Once each trench log was completed, slickensides along fault surfaces
were recorded to obtain slip direction during fault movements. Slickensides were plotted
on stereograms as rakes on faults using the OSX Stereonet program to create stereonets.
OSL and 14C samples were taken at various locations throughout the trench to establish a
chronological sequence of deposition and seismic activity. The samples are currently
being analyzed at China University of Geosciences (14C ) and Utah State University
(OSL).
Stratigraphy
The main fault, which crosses Trench CUG-2011-1 separates the stratigraphy into
two parts: 1) an older sequence in the footwall; and 2) a younger sequence in the hanging
wall. (Figs. 10 and 11).
Unit 1: A-soil horizons with dark brown sandy loam, scattered sub-rounded to
sub-angular clasts, ~0.1-1.5cm, average thickness <0.2m.
Unit 2: Light to medium brown silty sand interpreted as sheet flow and aeolian
deposit, scattered sub-rounded to sub-angular clasts, ~0.1-2cm, average thick <0.3m.
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Unit 3: Burrows within the trench vary in size and shape and disrupt the vertical
and lateral continuity of stratigraphic sequences. They are a light to medium brownishgray unsorted conglomeratic sand with scattered clasts <2cm.
Unit 4: Medium brown sandy silt originated from sheet flow and aeolian
processes, scattered sub-angular clasts, ~0.1-2cm, average thickness <0.2m.
Unit 5: Matrix-supported coarse conglomerate interpreted as debris flow, with
sub angular to angular clast ranging in size from 2mm to 20cm, clayey silt matrix,
average thickness <1m.
Unit 6: Clast-supported conglomerate with angular fragments, ~5-10cm, with a
brown silty sand matrix. Interpreted as material eroded from footwall following
coseismic rupture.
Unit 7: Coarse conglomerate is bedded fluvial deposits with unsorted subrounded to sub-angular clasts, ~2-20cm, with interbedded sandy silt lenses, <3cm-thick.
Unit 8: Orangish brown sand derived from sheet flow and aeolian processes
between fluvial depositions, scattered sub-rounded clasts, ~1-5cm, with a variation in
thickness.
Bk-Horizon: outlined to accentuate its thickness, ranges from 0.3-0.5 m-thick.
The zone is characterized by stage-two caliche with clasts ranging in size from 2mm-15
cm depending on the lithologic unit it intersects.
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Figure 10. Trench log of CUG-2011-1 East Wall with lithologic descriptions.
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Figure 11. Trench log of CUG-2011-1 West Wall with lithologic descriptions.

Ages of Sediments
OSL and 14C were taken at strategic locations throughout the trench to provide
pertinent information about deposition and ages of different lithologies (Fig.12).

14

C

samples were taken at every stage of soil development throughout the hanging wall on
the east side of trench. Samples for 14C are being analyzed at China University of
Geosciences. The OSL-dating technique was utilized to date more mineral-rich
sediments. OSL-sample targets were strategically placed to compare stratigraphic burial
dates of different material within the hanging wall and footwall. Absolute ages from the
hanging wall and footwall are then compared to the trench paleo-reconstruction to make
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sure that the interpretation is compatible with the ages. During February 2012, initial
preparation of the OSL samples was done at the OSL lab at Utah State University.
Structural features
The east and west walls are divided into four sections based upon the location of
major boundary faults (i.e. A, B, C, D) (Fig. 12). Section A in the A2-Horizon includes a
collapse feature, and its apparent synclinal fold does not correlate to the underlying
reverse fault affecting A3 and A4-Horizons. Thus, the collapsed soil horizon in A2 was
generated from seismic settling of the underlying sediments, which formed a concave
flexure in the paleo-surface. The A4-Horizon, underlies the A2-Horizon and is faulted in
a sub-vertical orientation as it approached segment B, which juxtaposes it next to the
debris flow deposit. In Section C, four locations with vertically oriented clasts are
present within the debris-flow material. Seismic shaking and shearing during earthquakes
caused realignment of material allowing these structures to form. The zone of alignment
that is closest to the footwall crosscuts the fault that separates section C from Section D,
indicating that this feature was derived from the 2010 earthquake sequence.
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Figure 12. Comparison of East and West walls of Trench CUG-2011-1with notable
features highlighted. Refer to Figures 10 and 11 for key.

Section B of the West Wall has a faulted feature juxtaposed next to the A3 and
A4-Horizon. The feature consists of an alternation of faulted debris-flow material, with a
finer grained, sandy-loam material in the center. Digging out the contact between the
feature and the A3 and A4-Horizons revealed this it was not laterally continuous. This
suggests the feature is a faulted contact between the soil horizons and the debris flow.
The West Wall also has three sets of vertically aligned pebbles in the debris-flow material
propagating up to the sandy-loam material above. Due to the lack of any geologic
relationship with any other structures, timing of formation cannot be determined.

	
  

27

Slickenslides were used to determine paleo-slip vectors within Trench CUG2011-01 (Fig. 13). The slip vectors recorded were plotted using OSX stereonet program.
The trends and plunge directions were separated in respect to the type of motion (i.e.
Right or Left Lateral) indicated by the fault slickensides. All but one fault measured
indicated a right- or left-lateral sense of motion. The vertical planes are most likely faultreactivated Mode-II joints formed during previous ruptures.

A.

B.
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Figure 13. (A) Five oblique Left-Lateral slickenside measurements and (B) Four oblique
right-lateral slickenside measurements from Trench CUG-2011-1.

Trench Restoration
Because trench restoration was on a strike-slip fault, where material can move in and
out of the plane of view during lateral motion, the restoration was done in stages (Fig. 14
and 15).
•

First, a pin line was established at the uphill-end of each trench wall. A 3-D
coordinate system was used to determine estimates of displacements in three
directions. The X-axis is horizontal and parallel to fault-strike. The Y-axis is
horizontal and perpendicular to fault-strike (and parallel to the long direction of
the trench). The Z-axis is vertical. All displacements in the X, Y, and Z
directions are given relative to the pin line. Red dots mark changes in position of
key points within each block over time relative to the pin line.
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•

Second, the trench walls were divided into fault-bounded segments. Material
between faults was treated as stationary (with negligible internal shearing), while
each block was moved along its bounding faults to match cutoffs of each A-soil
horizon at its respective stage.

•

Third, within each block after the cutoffs were matched across blocks, each
preserved A-soil horizon was progressively rotated and unfolded back to an
approximate pre-rupture surface-location based on the current slope of the landsurface for each block. While progressively restoring the trench, blocks
partitioned themselves as other smaller, non through-going faults became active.
An example of this is in section B on the east wall, where the block was
partitioned during the third paleoseismic event when a smaller subsidiary fault
became active. This partition was accommodated by the sub-vertical faulted
debris-flow structure on the west face. The Y-axis and Z-axis displacements
were determined from the progressive red-dot locations in the 2-D restorations of
the trench walls. Incremental Y- and Z-displacement per event and total
displacement of each hanging-wall block are considered to be reasonably
approximated by these 2-D measurements (Table 1).

•

Fourth, a 3-D model was constructed (Fig. 16 and 17) using both the
progressively restored 2-D trench and the adjacent offset stream-channel (Fig.18)
to the west. The channel has 6 m of left-lateral offset since its incision during the
Late Pleistocene or Holocene. Assuming each paleoseismic event had a leftlateral displacement similar to that of the 2010 Yushu earthquake (~1.5m), then
the 6m of left-lateral offset can be accounted by the 4 seismic events recorded in
the trench. The 1.5m of lateral deformation per event was accommodated along
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the bounding faults during each restoration. Deformation is the greatest (~1.5m)
further away from the pinned section D.

	
  
Figure 14. Progressive retrodeformation of the East Wall of trench CUG-2011-1. The
red-dot traces the path of a point within the trench relative to the pin line (vertical red line
on right). Table 1 shows the values of each vertical and horizontal displacement during
each retrodeformation. Refer to Figures 10 and 11 for key and explanation of symbols.
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Figure 15. Progressive retrodeformation of the West Wall of trench CUG-2011-1. The
red-dot traces the path of a point within the trench relative to the pin line (vertical red line
on right). Table 1 shows the values of each vertical and horizontal displacement during
each retrodeformation. Refer to Figures 10 and 11 for key and explanation of symbols.
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Figure 16. 3-D Reconstruction of East Wall of trench CUG-2011-1. Refer to Figures 10
and 11 for key and explanation of symbols.
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Figure 17. 3D-reconstruction of East Wall of trench CUG-2011-1. Refer to Figures 10
and 11 for key and explanation of symbols.
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Figure 18. View looking NNW showing trench relative to offset incised Holocene
channel (2010 surface rupture in yellow).
	
  
TRENCH OF LIN ET AL. (2011)
Lin et al. (2011) approximated left-lateral slip along the Yushu fault to be ~2-5mm/yr
based on paleoseismic data from a trench excavated northwest of Yushu near the village
of Guoqiong. This trench was excavated ~1km-east of CUG-2011-1 adjacent to valley
margin at the base of the red cliff (Fig. 6). Based upon their trench-interpretation and
geochronological techniques, they estimated a recurrence interval between 450-690 years,
assuming that ~1.5-2.0m of horizontal offset occurred during each event.
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Geological setting
A large red cliff demarcates the boundary between the Guoqiang and red cliff
segments at the valley margin (Fig. 6). Bartholomew et al. (2010) observed that the
2010’s lateral displacement diminished rapidly across the valley floor (from 1.75m to 0
m) terminating near the red cliff. In the summer of 2010, Lin et al. (2011) estimated 1.6m
of left-lateral displacement of a curved road ~50m from the red cliff. Earlier in April,
just 12 days after the earthquake, Bartholomew et al. (2010) had documented 40cm of
actual left-lateral displacement of the road at that location and 20cm of left-lateral
displacement of the terrace riser within 2m of Lin et al. (2011) trench location. Lin et al.
(2011) excavated their trench on this terrace, but apparently failed to observe the offset
terrace riser because of high grass. Although the road has been modified through human
use, such that the 40cm displacement is less obvious, the 20cm displacement of the
terrace riser was reaffirmed during fieldwork in October 2011 and July 2012.
Geometry of 2010 Fault Strands
Thus, this disparity between the amount of the 2010 displacement stems from an
error in measurement by Lin et al. (2011). The road crosses the Jinsha River’s tributary
to the southwest and as it approaches the valley’s margin; it changes direction to the
north, running parallel along the valley’s margin (Fig. 6). Where the road changes
bearing is coincident with its intersection with the 2010 surface rupture. Their estimated
1.6m-offset, however did not take in account the road’s curvature which magnified the
actual 40cm offset in their photograph.
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Excavation
Lin et al. (2011) trench is located on top of a river terrace adjacent to small
alluvial fans that are graded to this low terrace. Scattered cobble- and boulder-size clasts
are common (Fig. 19) on the terrace around the fringes of the alluvial fans. Although the
clasts become less concentrated away from the source in the adjacent mountain front,
they are found on both sides of their trench indicating multi-source deposition at the
trench location. Thus, although the depositional setting within the valley is dominated by
the fluvial system, this location was strongly influenced by alluvial fan development.

	
  
Figure 19. View looking WNW along 2010 surface rupture showing trench location of
Lin et al. (2011) and CUG-2011-1. Geologic features mapped in April 2010 in vicinity
of trench of Lin et al. (2011) include: ~20cm offset terrace riser (red line), areas of
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accumulation of cobbles/boulders as alluvial debris (transparent light brown),
walking/animal trail (grey bands), compressional (purple lines) and tensional (red lines)
mole tracks.

Impediments to investigating paleoseismites in floodplains are the erosion and
removal of sediment from the stratigraphic record and the changing depositional
environments. An impediment in small alluvial fans is the shifting of the channel and
depositional location through time creating local unconformities through erosion and
non-deposition at any location on the fan. This trench location is one where a continuous
depositional record is unlikely; hence the paleo-seismite record contained therein is also
likely to be incomplete due to removal of stratigraphic and structural evidence of paleoseismic events.
Lin et al. (2011)’s trench was 6m x 1.5m in dimension and excavated
perpendicular to the surface rupture. The structure of the deformation zone is unlike
Trench CUG-2011-1. Only one coseismic rupture (i.e. Mole Track) crossed their trench
location (Fig. 19). The single mole track is an accumulation of compression ridges and
en echelon mode 2 joints, 2m in width. The absence of multiple mole tracks and a
decrease in lateral displacement are possibly caused by the fault termination at the
adjacent valley margin.
Stratigraphy
Differences between the photographs of the trench walls and the trench logs
presented in Lin et al. (2011, their Figs. 5, 6, 7) necessitated a reinterpretation of their
photographs (Fig. 20, 21, 22). The strata were divided into eight stratigraphic units based
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upon trench structures and stratigraphic attributes (i.e. clast size, shape, color, etc.). The
main stratigraphic units are prevalent throughout the southeast, northwest, and northeast
walls. The “Unit” designations for these various sedimentary layers used in Lin et al.
(2011) were used in the revised logs with the exception that their Unit 6 was subdivided
into an upper Unit 6A and lower Unit 6B. The following brief descriptions of the trench
units are modified from trench photographs and text of Lin et al. (2011).
Unit 1: A-Soil Horizon, light brownish gray sand, fine-grained, dark brown,
<0.25m-thick, scattered clasts throughout.
Unit 2: Medium brown sand interpreted as loess deposit, fine-grained, average
thickness <0.2m, scattered clasts.
Unit 3: Light Brown Sand, fine-grained interpreted as an alluvial fan deposit, 15mm angular rock fragments prevalent throughout; laterally discontinuous in both trench
walls; many reddish rock fragments suggest their source was the adjacent red cliff.
Unit 4: Medium brown sand interpreted as an fluvial deposit, organic rich,
scattered clasts and charcoal flakes, maximum thickness ~0.25m; Unit 4 is not present in
the northwest wall and thins in the northeast wall.
Unit 5: Clast-supported conglomerate interpreted to be a stream channel deposits;
medium-brown, silty sand matrix; 5-10cm rounded clasts; averages ~0.6m-thick.
Unit 6A: Light-medium brown,sand, wellbedded, with interbedded silt;
interpretated as a fluvial deposit,1-5mm scattered clasts; 0.1m-thick; laterally
discontinuous.
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Unit 6B: Medium brown silty-sand interpreted as a loess package, organic rich,
scattered clasts, and an average thickness <0.20m.
Unit 7: Matrix supported gravel deposit interpreted as debris flow deposit;
angular clasts with erratic orientations, sandy matrix, yellowish-brown; clast size is 510cm. Like Unit 3, the uppermost part of Unit 7 contains many reddish rock fragments
suggest their source was the adjacent red cliff.
Burrows (not recognized by Lin et al., 2011): Silt, sand, and/or organics with
scattered clasts; light-dark brownish-gray; unsorted fine to coarse-grained material 1mm
to 5cm; compound burrow with three occupation stages, recognized from photographs,
disrupts bedding in several units in the northwest trench wall.
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Figure 20. (A) New interpretation of NW trench wall of Lin et al. (2011) (B) Original
interpretation and photograph by Lin et al. (2011).
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Figure 21. (A) New interpretation of SE trench wall of Lin et al. (2011) (B) Original
interpretation and photograph by Lin et al. (2011).
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Figure 22. (A) New interpretation of NE trench wall of Lin et al. (2011) (B) Original
interpretation and photograph by Lin et al. (2011).
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Ages of Sediments
Lin et al. (2011) dated charcoal flakes from two locations within Unit 4, which is
the upper fluvial unit that forms the terrace on which the trench was excavated. The
stratigraphically higher sample (C-02) yielded a 14C age of 900+20 YBP (A.D. 10401110) and the lower one (C-01) an age of 1150+30 YBP (A.D. 780-792). The maximum
age of deposition of Unit 4 is ~1150+30 YBP, the age of the oldest detrital charcoal
flakes found near the base of Unit 4. The maximum age of the abandonment of this
fluvial surface due to either migration or incision of the river is ~900+20 YBP.
Deposition of Unit 3, alluvial fan material derived from the nearby red cliff
occurred shortly after abandonment of the terrace level because soil-development (Units
1 and 2) postdated deposition. Alluvial fan deposition and incision (post-900 YBP)
caused the removal of Unit 4 in the northwest wall producing an unconformity at that
boundary.
Lin et al. (2011) also dated charcoal flakes (C-03) from a layer near the base of
Unit 6B. Lateral continuity of this charcoal-rich zone is suggestive of a fire splay, thus
the age of the charcoal would more closely represent the age of deposit than detrital
charcoal. Sample C-03, yielded an age 1340+20 YBP (A.D. 649-691).
Lin et al. (2011) dated charcoal (C-05) from the youngest burrow identified in the
Northeast wall. Such detrital charcoal provides a maximum age 400+ 20 YBP (A.D.
1442-1503) for this burrow but does not constrain the age of the enveloping older
burrows. The older burrows cut through Units 4 and 5, thus they are younger than the
~900 YBP obtained for Unit 4. Although the older burrows terminate upward against
Unit 3, this also does not constrain the youngest age for them because burrowing animals
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often burrow laterally beneath a resistant ledge that provides a strong roof for the burrow.
The photograph (Lin et al., 2011, their Figure 7) suggests that no structural features cut
these burrows.
Structural features
Interpretations of both surface-rupture features and exposures in trench walls may
differ depending upon such things as: the experience of the investigators; the length of
time between the earthquake and their observations; the degree of degradation of
features; sun-angle; and the quality and direction of photographs. In the case of the work
of Lin et al. (2011), which was done in the summer of 2011, several obvious errors, noted
below, were made when compared with data collected by Li et al. (2010) and
Bartholomew et al. (2010) just 10 days after the 14 April 2010 Yushu earthquake.
•

The offset of the road (located ~5m from the trench of Lin et al. (2011)) was
measured as 40cm (Li et al., 2010; Bartholomew et al., 2010) not 1.6m as
reported by Lin et al. (2011).

•

The offset of the terrace riser (located ~2m from the trench of Lin et al. (2011))
was measured as 20cm (Li et al., 2010; Bartholomew et al., 2010) and this offset
was still visible in 2011 and 2012 when the site was revisited.

•

The 8 surface-rupture features shown on Figure 6 of Lin et al. (2011) were not
present as shown on the photograph (taken 24 April, 2010) with the traces of the
surface ruptures at this trench site (Fig. 19).

Furthermore, other errors and techniques, noted below, were also made in interpretation
of the trench walls when trench logs and photographs of Lin et al. (2011) were compared.
•
	
  

Misidentification of burrows as fault-bounded material cutting other units.
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•

Lack of care in tracing bedding through zones labeled as “disturbed sand-gravel”.

•

Lack of care in distinguishing between joints and faults.

•

Lack of recognition that joints (either Mode I or II) terminate at free-faces such as
bedding planes. Such upward terminations do not imply that the overlying
sediment is younger than the terminated joints. Furthermore, formation of joints is
dependent upon the cohesion and strength of material, hence lack of joints in an
overlying bed does not necessarily mean that the bed post-dated the joints.

•

The trench logs were not retro-deformed to determine both stratigraphic
constraints on the timing of each event and the amount of vertical displacement of
each event. Given that no more than 20cm of left-lateral displacement occurred at
this trench site during the 2010 earthquake, then a trench profile can provide an
excellent estimate of the vertical displacement.

Given the above difficulties with the interpretations and trench logs of Lin et al. (2011),
new interpretations of the photographs were made so that the trench wall could be retrodeformed to displacement history and offsets (Fig. 20, 21, and 22).
One major fault was identified in the new trench logs made from the trench
photographs of Lin et al. (2011). This fault was coseismically associated with the 2010
earthquake swarm. The fault is a south-dipping surface, crosscutting the entire
stratigraphic column observed in the trench. On the northwest wall, a splay fault also
accommodated the uplift and rotation of Units 1 through 5. Three sets of mode-2 joints
occur within the southeast and northwest trench walls. In both Lin et al. (2011) and CUG2011-1 trenches the joints form within coarser clastic material, which seems to
stratigraphically control their formation. The joints in Lin et al. (2011)’s trench are filled
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with fine grain material from fracture infill, consisting of light brown sandy loam derived
from Unit 4.
Trench Restoration
Lateral displacement at Lin et al. (2011)’s trench location was minimal (~20cm)
compared with Trench CUG-2011-1 (~1.5m). Therefore, a 3-D restoration was not
warranted to accommodate lateral displacement (Fig. 23 and 24).
•

First, the southeast trench wall was flipped; therefore both trench walls are
viewed to the northwest. A pin line was established on the northeast end (right
side) of trench. Lin et al. (2011)’s coordinate system was used to determine the
estimates of displacement in only two dimensions. The X-axis, parallel to faultstrike, is fixed at 20cm and was determined by the offset terrace riser two meters
from the trench. The Y-axis is perpendicular to the fault strike (parallel to the long
direction of the trench) and movement along the Z-axis indicates vertical
displacement. The red dots mark the changes in position in the Y and Z directions
over time relative to the pin line (Table 1).

•

Second, material moved along the major fault to match stratigraphic cutoffs.

•

Third, after stratigraphic cutoffs where matched across the fault surface, each
stratigraphic horizon was rotated and unfolded back to approximate pre-rupture
surface-location based on the current slope and landscape conditions.
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Figure 23. Progressive retrodeformation of new interpretation of NW Wall of trench log
of Lin et al. (2011). Table 1 shows the values of each vertical and horizontal
displacement. Refer to Figure 19 for key and explanation of symbols.
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Figure 24. Progressive retrodeformation SE Wall of ttrench of Lin et al. (2011). Table 1
shows the values of each vertical and horizontal displacement. Refer to Figure 20 for key
and explanation of symbols.
	
  
INTERPRETATION OF TRENCH RESULTS
Summary of CUG-2011-1
The buried A-soil horizons, colluvial wedge, debris flow, and Bk-zone all reflect
pre-2010 seismic activity along the Guoqiong segment. Progressive topographic
obstruction across the fault zone as the footwall (downhill side of the fault) was uplifted
as it moved northwestward, produced a surface rupture that created a small dam, which
impounded more sediment on the uphill side (hanging wall). This resulted in progressive
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burial of each of the three buried A-horizons. Comparable thicknesses of the loess
packages, Unit 2, suggest the generation of A-Horizons occurred at a relatively uniform
rate. Hence, this suggests seismicity along the Guoqiong segment has not fluctuated
dramatically during those four events implying a uniform recurrence rate.
Colluvial wedge material derived from the footwall stratigraphically includes soil
blocks of the A-3 Soil horizon. Thus, the formation of the colluvial wedge occurred
during third paleoseismic event. Coarse gravel at the stratigraphic bottom of the trench in
the hanging wall is interpreted as debris-flow material. Slope failure could have been
triggered by an earthquake or by climatic change, however a seismic origin is inferred
due to its proximity to the A4-soil horizon. The Bk-zone, truncates at the B-horizon on
the east and west footwall. The truncation of the Bk-zone was caused by rotation of the
footwall throughout the fault’s seismic activity.
Although the general horizontal location (along the X-axis and Z-axis) of the
footwall (NE-end of trench) can be approximated within the 3-D and 2-D restorations,
the vertical restoration is unknown because: 1) the amount of material eroded from the
footwall is unknown; and 2) the depth to material similar to the footwall beneath the soil
horizons of the hanging wall is unknown. Clearly one, and likely many more,
displacements occurred prior to the four events recorded by the preserved and
progressively deformed A-soil horizons. But these four events could account for the 6
m-left-lateral offset of the incised stream channel, if the X-axis displacements were
similar to that of the 2010 Yushu earthquake. This suggests that the Guoqiong segment
may have been reactivated during the later Holocene after the channel was incised
during the Early Holocene or Late Pleistocene. Moreover, the disparity between the
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amount of incision within the Pleistocene fan (~3m) and the depth to the oldest event
horizon (A4-Horizon, ~2m) indicates the stream incised at least 1m before the current
sequence of surface ruptures began.
Summary of Lin et al. (2011)
Progressive retrodeformation provides the best evidence for paleoseismicity in the
trench dug by Lin et al. (2011). Retrodeformation provides realistic values of offsets in
the X, Y, and Z directions, which were not reported by Lin et al. (2011). Restoration of
the pre-2010 land-surface clearly shows folding of Unit 3 and 4 above the unconformity
in the main trench walls. Sample C-02 signifies this folding event occurred less ~900
YBP. Lin et al.’s (2011) assertion that this sample is indicative of the 1738 (274 YBP)
Danjiang fault rupture is possible, but not confirmed. However, as illustrated by the linelength balancing, no surface rupture actually occurred and only ~10cm of warping
occurred at that trench location. After removal of the fold, within Units 6A, 6B, and 7, a
relic structural feature is still preserved. This fault occurred between the dated material at
1150+30 YBP and 1340+20 YBP (Lin et al., 2010). This suggests that the surface rupture
occurred ~ 1250 + 100 YPB and had a significant component of normal displacement (Yaxis). The amount of each displacement in Lin et al.’s (2011) trench is substantially less
then displacement in Trench CUG-2011-1 (Table 1). This suggests that this trench site
was located closer to the termination of the Guoqiong segment throughout these three
events.
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Table 1. Incremental vertical/horizontal changes for both each event in trench CUG2011-1 and trench of Lin et al. (2011) and total change of red-dots relative to pin lines
throughout retrodeformation.

RUPTURE HISTORY AND RECURRENCE INTERVAL FOR GUOQIONG
SEQMENT
Lin et al. (2011) estimated a recurrence interval between 450-690 years and a leftlateral slip-rate of ~2-5mm/yr, assuming that 1.5-2.0m of left-lateral displacement
occurred during each event. Although their 1.5-2m displacement/event might be
reasonable for the Guoqiong segment as a whole, it is not representative of left-lateral
displacement at their trench location where the 2010 displacement along the X-axis was
~0.2m and the two previous events likely had the same or less displacement. Their
middle event, which they attributed to the 1738 earthquake along the Danjiang segment,
only produced minor folding and could have resulted equally well from spillover from a
moderate earthquake on the Red Cliff segment.
Trench CUG-2011-1 is ~900m away from Lin et al.’s (2011) trench location
hence events may correlate between these trenches (Fig. 25). Whereas Lin et al.’s (2011)
trench is interpreted as being within a few meters of the segment boundary (Bartholomew
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et al., 2010; Li et al., 2010), the events recorded in CUG-2011-1 are more representative
of the Guoqiong segment as a whole. At the CUG2011-1 site, the 2010 earthquake did
have ~1.5m of left-lateral displacement and the previous 3 events likely had similar
amounts of displacement along the X-axis. Furthermore the thicknesses of the A-B
horizons of all 4 events are similar, suggesting a consistent recurrence interval for the
Guoqiong segment. The larger paleo-event dated by Lin et al. (2011) at ~1250+100 YBP
may be the best representation of the recurrence interval. This would imply that the 4
events in CUG-2011-1 occurred within an interval of 5000 years. If the estimate of
1.5m/event is correct for all four events, then the slip-rate is ~1.2mm/yr for this segment.
If the 1738 Danjiang segment event also affected the Guoqiong segment, as suggested by
Lin et al. (2011), then the recurrence interval and displacement rate for the Guoqiong
segment will be more difficult to determine.
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Figure 25. Event correlation between trench CUG-2011-1 and reinterpreted trench of
Lin et al. (2010) using stratigraphic and progressive retrodeformation data.

FUTURE WORK
Another overarching goal of our work along the Yushu fault is to look at fault
segmentation along this fault zone. The focal mechanism for the main shock indicates
strike-slip movement with two pulses of rupture along the WNW-ESE-striking fault (Fig.
5) (Zhang et al., 2010). Seeing that the energy released by the Yushu earthquake came in
pulses at different locations along the fault length, coupled with Interferogram data
(COMET+, 2010) is consistent with fault segmentation reflecting those multiple pulses.
In addition, observed changes in the surface-rupture characteristics from left-lateral to
reverse (Fig. 6) (e.g., Bartholomew et al., 2010), suggest that the Yushu fault is probably
54
	
  

segmented. Thus, fault segmentation is suggestive from the temporal and spatial
relations of energy release (Zhang et al., 2010) coupled with empirical evidence of
segment terminations (Bartholomew et al., 2010). Through geologic time, surface
ruptures along these segments could have been coupled or decoupled during seismic
events. To understand future behavior and evaluate the seismic hazard of the Yushu fault,
paleoseismic studies should be completed along identified fault segments and compared
to results from Trench CUG-2011-1.
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